Arabidopsis thaliana plants fend off insect attack by constitutive and inducible production of toxic metabolites, such as glucosinolates (GSs). A triple mutant lacking MYC2, MYC3, and MYC4, three basic helix-loop-helix transcription factors that are known to additively control jasmonate-related defense responses, was shown to have a highly reduced expression of GS biosynthesis genes. The myc2 myc3 myc4 (myc234) triple mutant was almost completely devoid of GS and was extremely susceptible to the generalist herbivore Spodoptera littoralis. On the contrary, the specialist Pieris brassicae was unaffected by the presence of GS and preferred to feed on wild-type plants. In addition, lack of GS in myc234 drastically modified S. littoralis feeding behavior. Surprisingly, the expression of MYB factors known to regulate GS biosynthesis genes was not altered in myc234, suggesting that MYC2/MYC3/MYC4 are necessary for direct transcriptional activation of GS biosynthesis genes. To support this, chromatin immunoprecipitation analysis showed that MYC2 binds directly to the promoter of several GS biosynthesis genes in vivo. Furthermore, yeast two-hybrid and pull-down experiments indicated that MYC2/MYC3/MYC4 interact directly with GS-related MYBs. This specific MYC-MYB interaction plays a crucial role in the regulation of defense secondary metabolite production and underlines the importance of GS in shaping plant interactions with adapted and nonadapted herbivores.
INTRODUCTION
Plants resist attack by herbivorous insects with a combination of constitutive and inducible defenses. In addition to the presence of physical barriers like cuticle, spines, or hairs, plants produce defense proteins and secondary metabolites that are toxic to arthropods (Howe and Jander, 2008) . Glucosinolates (GSs) constitute a class of nitrogen-and sulfur-containing thioglucosides characteristic of the Brassicaceae family. During insect feeding, GSs get mixed with specific b-glucosidases termed myrosinases, releasing an aglucone that spontaneously rearranges into toxic thiocyanates, isothiocyanates, or nitriles (Bones and Rossiter, 2006) . GSs are classified into aliphatic, aromatic, and indole GSs depending on the origin of the amino acid-derived side chain (Wittstock and Halkier, 2002) . They are present constitutively (Wittstock and Gershenzon, 2002) but also accumulate in response to stresses including wounding or herbivory (Mikkelsen et al., 2003; Mewis et al., 2006; Schlaeppi et al., 2008) . In recent years, most genes involved in Arabidopsis thaliana GS biosynthesis have been identified and are involved in amino acid chain elongation, core GS structure biosynthesis, sulfate assimilation pathway, and secondary modifications (Sønderby et al., 2010b) . GS biosynthesis genes are regulated by six R2R3-MYB transcription factors. MYB28, MYB29, and MYB76 act in concert in a complex interaction module to control aliphatic-GS genes (Hirai et al., 2007; Gigolashvili et al., 2008; Sønderby et al., 2010a) , whereas MYB34, MYB51, and MYB122 control indole-GS genes (Gigolashvili et al., 2007a) . Mutant and overexpression analyses have clearly shown that GS levels are directly and specifically correlated with the activity of these GS-related MYBs (Celenza et al., 2005; Gigolashvili et al., 2007a Gigolashvili et al., , 2008 Sønderby et al., 2007 Sønderby et al., , 2010a . Trans-activation assays with promoters of GS-reporter genes and the presence of MYB binding sites in their promoter suggest that GS biosynthesis genes are direct targets of MYBs (Gigolashvili et al., 2007b (Gigolashvili et al., , 2008 .
Different GS classes play a defensive role against generalist herbivores. High levels of aliphatic-GS and insect performance were negatively correlated in different A. thaliana genotypes (Kliebenstein et al., 2005) . Overexpression of MYB28 in A. thaliana increased aliphatic-GS contents and reduced growth of Spodoptera exigua (Gigolashvili et al., 2007b) . On the contrary, a myb28 myb29 double mutant lacking aliphatic-GS was more susceptible to feeding by Mamestra brassicae (Beekwilder et al., 2008) . Overexpression of MYB51 in A. thaliana increased the production of indole-GS and reduced herbivory by S. exigua (Gigolashvili et al., 2007a) , whereas the cyp79B2 cyp79B3 double mutant, impaired in the first step of indole-GS biosynthesis, was more susceptible to Spodoptera littoralis (Schlaeppi et al., 2008) . By contrast, specialist insects like Plutella xylostella have evolved a sulfatase activity that prevents the formation of toxic GS hydrolysis products (Ratzka et al., 2002) . Pieris rapae and Pieris brassicae larvae are equipped with a nitrile-specifier protein in their midgut that allows the formation of less toxic nitriles instead of isothiocyanates (Wittstock et al., 2004) . As a consequence, these species feed equally on wild-type A. thaliana plants or on mutants with altered GS contents (Schlaeppi et al., 2008; Müller et al., 2010) . Specialists even use GS to identify their host plants, as both butterflies and larvae are attracted by GS-containing plants (Renwick et al., 2006; Sun et al., 2009) .
The jasmonate (JA) pathway is involved in the regulation of several processes, including plant growth, fertility, and defense against insects and necrotroph fungi (Howe and Jander, 2008; Browse, 2009) . In response to herbivory, JA accumulates and triggers large changes in gene expression (Reymond et al., 2000 (Reymond et al., , 2004 De Vos et al., 2005; Ehlting et al., 2008) . Key players in signaling events leading to this transcriptional reprogramming have recently been identified. In response to stress, JA is conjugated to Ile and binds to a receptor complex consisting of CORONATINE INSENSITIVE1 (COI1) and JASMONATE ZIMdomain (JAZ) repressors (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007; Katsir et al., 2008; Fonseca et al., 2009; Sheard et al., 2010) . The F-box protein COI1 is part of a Skip/Cullin/Fbox (SCF)-type E3 ubiquitin ligase complex that participates in ubiquitination of target proteins and subsequent degradation by the 26S proteasome. In the absence of JA-Ile, JAZ repressors bind to transcription factors (TFs) and block their activity by interacting with the adaptor protein NINJA and the corepressor TOPLESS (Pauwels et al., 2010) . Upon JA-Ile accumulation and its binding to COI1, JAZ repressors are degraded by SCF COI1 , allowing transcription of early JA-responsive genes (Chini et al., 2007; Thines et al., 2007; Sheard et al., 2010) . Until recently, the basic helix-loop-helix (bHLH) TF MYC2/JASMONATE INSENSITIVE1 (JIN1) was the only known target of JAZ repressors (Chini et al., 2007) , but phenotypes of myc2/jin1 mutants were difficult to reconcile with a unique TF regulating the diversity of JA-mediated processes. However, new studies have unveiled additional factors that might control specific JA-dependent responses. Two R2R3-MYB factors, MYB21 and MYB24, were identified as direct targets of JAZs in the regulation of male fertility , whereas the combined interaction of JAZs with bHLHs (TRANSPARENT TESTA8 [TT8], GLABRA3 [GL3] , and ENHANCER OF GLABRA3 [EGL3]) and MYBs (MYB75 and GL1) was shown to control anthocyanin accumulation and trichome formation . MYC3 and MYC4, two close homologs of MYC2, interact with JAZs (Fernández-Calvo et al., 2011; Niu et al., 2011) and act additively with MYC2 to regulate defense against insect herbivory (Fernández-Calvo et al., 2011) . This finding, besides the known compromised resistance of coi1 mutants to arthropod herbivores in different plant species (Li et al., 2004; Reymond et al., 2004; Bodenhausen and Reymond, 2007; Paschold et al., 2007) , established that the JA signaling module is central for plant resistance to herbivory. Promoter analysis and protein binding microarray studies have shown that MYC2, MYC3, and MYC4 bind with similar affinities to the core CACGTG motif, named the G-box, and its variants (Dombrecht et al., 2007; Fernández-Calvo et al., 2011; Godoy et al., 2011) . However, which defense genes are regulated by MYC2/MYC3/MYC4 is largely unknown.
Methyl jasmonate treatment induces the expression of GS biosynthesis genes (Mikkelsen et al., 2003; Reymond et al., 2004) and triggers GS accumulation . Given that resistance to S. littoralis herbivory requires the additive action of MYC2/MYC3/MYC4 (Fernández-Calvo et al., 2011) , we decided to further explore the involvement of these factors in the regulation of GS biosynthesis and to test their specific contribution in resistance to herbivory. In this study, we show that the myc2 myc3 myc4 mutant has a highly reduced expression of GS biosynthesis genes and is practically devoid of GS. Lack of GS in this mutant is correlated with an increased feeding performance of the generalist S. littoralis but not of the specialist P. brassicae. Furthermore, we demonstrate that MYC2 binds in vivo to the promoter of several GS genes and that MYC2/MYC3/MYC4 interact directly with GS-related MYBs.
RESULTS

Reduced Expression of GS Pathway Genes in myc234
The bHLH TFs MYC2/MYC3/MYC4 act additively to control JA responses, including root growth inhibition and defense against herbivory (Fernández-Calvo et al., 2011) . Indeed, the generalist herbivore S. littoralis gained equally more weight on myc234 and coi1-1 than on Columbia-0 (Col-0), suggesting that the expression of defense-related genes was severely compromised in myc234 (Fernández-Calvo et al., 2011) . We therefore analyzed the transcriptome of myc234 plants with an A. thaliana wholegenome microarray and compared it to that of Col-0 plants. Using a threshold of twofold change in gene expression (P < 0.05, false discovery rate < 10%), we identified 84 genes whose expression was significantly reduced in myc234 (see Supplemental Data Set 1 online). Interestingly, among the 50 most differentially expressed genes between Col-0 and myc234, 27 genes are involved in the GS pathway, including most genes responsible for the synthesis of core aliphatic-and indole-GS structures, genes involved in side-chain modification, and genes involved in primary sulfate assimilation (Figure 1 ; see Supplemental Data Set 1 online). Moreover, the expression of a large majority of all known or predicted genes involved in GS biosynthesis was significantly reduced in myc234 (see Supplemental Table 1 online) . Since GSs are known to accumulate in response to herbivory, we selected nine genes from the list of differentially expressed genes and measured their expression by quantitative real-time PCR in Col-0, myc234, and coi1-1 after challenge with S. littoralis larvae (Figure 2) . Expression of these genes was significantly reduced in myc234 compared with Col-0 plants, validating our microarray data. Surprisingly, the basal expression of most of these genes was significantly higher in coi1-1 than in myc234. In addition, although constitutive expression of GS genes in myc234 and coi1-1 was strikingly different, these genes were not induced by herbivory in these mutants (Figure 2 ). These data indicate that the JA pathway controls the induction of GS genes in response to herbivory but that MYC2/MYC3/MYC4 have additional roles in regulating their basal expression.
MYC2/MYC3/MYC4 were shown to regulate JA-dependent genes like VEGETATIVE STORAGE PROTEIN2 or JAZ10, and only the myc234 triple mutant showed a complete loss of expression of these genes (Fernández-Calvo et al., 2011) , suggesting that each one of the three MYCs is required to regulate the expression of GS pathway genes. To validate this hypothesis, we measured the expression of three GS biosynthesis genes (BRANCHED-CHAIN AMINOTRANSFERASE4 [BCAT4], CYP79B3, and SUPERROOT1 [SUR1]) in myc2, myc3, and myc4 single mutants. As postulated, expression levels of these GS genes were very similar in Col-0 and single myc mutants (see Supplemental Figure 1 online), contrasting with their reduced expression in myc234 (Figure 2 ). To further support the finding that MYC factors regulate the expression of GS biosynthesis genes, expression of BCAT4, CYP79B3, and SUR1 was significantly higher in a MYC2-overexpressing line compared with Col-0 (see Supplemental Figure 2 online).
Greatly Reduced GS Levels in myc234
Having observed that expression of key GS biosynthesis genes was severely affected in myc234, we quantified GS levels by ultrahigh-pressure liquid chromatography coupled to quadrupole time-of-flight mass spectrometry and compared the results with the quadruple mutant cyp79B2 cyp79B3 myb28 myb29 (quadGS), which is nearly devoid of major classes of foliar GSs (Müller et al., 2010) . Consistent with expression data, myc234 had greatly reduced levels of 16 GS, 14 of them being undetectable even with a highly sensitive quadrupole time-of-flight mass spectrometry detection system (Figure 3 ; see Supplemental Table 2 online). Total GS amounts in myc234 and quadGS were <1% of Col-0 (see Supplemental Table 2 online). In addition, S. littoralis herbivory caused a significant increase in GS levels in Col-0 plants but not in myc234 or quadGS (Figure 3 ; see Supplemental Table 2 online). Thus, MYC2/MYC3/MYC4 are essential factors for GS accumulation.
Since coi1-1 had residual expression of GS biosynthesis genes, we hypothesized that it might still contain significant amounts of GS. Indeed, all GS were clearly more abundant in coi1-1 than in myc234 or quadGS, reaching even wild-type levels for the main aliphatic-GS 8MSOO, 8MTO, and 4MTB (Figure 3 ; see Supplemental Table 2 online). Total GS content in control coi1-1 plants was 83% of Col-0 levels (see Supplemental Table 2 online). However, GS levels in coi1-1 did not change significantly in response to S. littoralis, in accordance with the lack of induction of GS biosynthesis genes (Figure 2 ). Taken together, our results indicate that the JA pathway is absolutely required for insect-induced GS accumulation. However, an important proportion of constitutive GS accumulate in a COI1-independent but MYC2/MYC3/MYC4-dependent manner.
Contrasting Performance and Behavior of Specialist and Generalist Herbivores on myc234 Plants
In order to evaluate the contribution of MYC2/MYC3/MYC4 to larval performance, we challenged myc234, quadGS, and coi1-1 The biosynthesis of Met-derived aliphatic and Trp-derived indolic GSs is depicted. A. thaliana genes involved in distinct and common steps are indicated as well as genes involved in primary sulfate assimilation. MYB TFs known to regulate the expression of aliphatic-or indole-GS genes are indicated in blue. Genes in red were differentially expressed between Col-0 and myc234 plants (this study). The figure is adapted from Sønderby et al. (2010b) and Yatusevich et al. (2010). plants with the generalist S. littoralis and the specialist P. brassicae. S. littoralis larvae grew significantly bigger on myc234 and quadGS than on Col-0, in accordance with their highly reduced GS content. But, surprisingly, larval weight was also significantly higher on coi1-1 and was not different from the two GS-deficient mutants, although coi1-1 still contains significant GS levels ( Figure 4A ). On the contrary, P. brassicae larvae grew equally on Col-0, myc234, and coi1-1 but were smaller on quadGS plants ( Figure 4B ).
GSs are known for their repellent effect on generalist insects, but they can also act as feeding attractants for host recognition by specialized herbivores or as oviposition cues (Renwick et al., 2006; de Vos et al., 2008) . We therefore tested GS mutants in dual-choice experiments with S. littoralis or P. brassicae. Consistent with the increased weight gain in the no-choice experiment, S. littoralis larvae consumed significantly more leaf material on myc234, quadGS, or coi1-1 than on wild-type plants ( Figures  5A and 5B ). In addition, larvae did not show any feeding preferences between myc234 and quadGS. Dual-choice assays with the specialist P. brassicae revealed an opposite pattern, as larvae consumed significantly more leaf material on wild-type plants than on the two GS-deficient mutants myc234 and quadGS. Moreover, P. brassicae did not show any feeding preference between myc234 and quadGS and did not discriminate wildtype from coi1-1 plants ( Figures 5A and 5C ). When offered different genotypes for oviposition, P. brassicae butterflies clearly selected Col-0 as a host and deposited almost no eggs on myc234 or quadGS (see Supplemental Figure 3 online). Expression of nine GS pathway genes was measured in different genotypes by real-time PCR in untreated plants (white bars) and in plants challenged for 48 h with S. littoralis larvae (black bars). Values are the mean (6SE) of three biological replicates. myc234 stands for the myc2 myc3 myc4 triple mutant. Different letters within each treatment indicate significant differences at P < 0.05 (Tukey's highly significant difference test); capital letters compare with each other, and lowercase letters compare with each other. Asterisks denote statistically significant differences between indicated samples (**P < 0.01 and *P < 0.05; Student's t test).
Leaf GS Contents Influence the Feeding Behavior of Generalist and Specialist Herbivores
By carefully observing insects during our bioassays, we noticed that S. littoralis and P. brassicae had a different feeding behavior depending on plant genotypes. On GS-containing Col-0 and coi1-1, S. littoralis larvae fed almost exclusively on the leaf inner lamina, whereas they drastically changed behavior on myc234 and quadGS where they preferentially attacked the leaf outer lamina (Figures 6A and 6B) . A similar experiment with P. brassicae showed a different trend. Specialist larvae always chose the outer leaf lamina, independently of which genotype they were allowed to feed on ( Figure 6C ). Given that highest GS concentrations are found in midvein and leaf periphery (Shroff et al., 2008) , these results indicate that generalists tend to avoid feeding on GS-rich tissues, but when leaves lack these compounds they prefer to feed on leaf edges. Similarly, although they are adapted to GS and use them as feeding stimulants, specialists still prefer leaf edges in GS-deficient plants. This is an interesting observation, suggesting that leaf periphery has a particular property that attracts insects.
MYC2, MYC3, and MYC4 Interact Directly with GS-Related MYB Factors
Having found that myc234 shows a highly reduced expression of GS biosynthesis genes and is consequently devoid of GS, we hypothesized that MYC2/MYC3/MYC4 might control GS biosynthesis indirectly by regulating the expression of GS-related MYBs. Surprisingly, expression of these MYBs in control plants was not significantly different between Col-0 and myc234 plants (see Supplemental Figure 4 online) and therefore did not correlate with the reduced expression of their target genes and the absence of GS in myc234. Similarly, their expression in response to S. littoralis herbivory was not significantly lower in myc234 compared with Col-0, except for MYB29 and MYB34, Levels of four abundant GS were quantified in different plant genotypes. Plants were challenged for 2 d with S. littoralis larvae (black bars). Unchallenged plants were used as controls (white bars). Values are the mean (6SE) of four biological replicates. Significant differences between control and treated plants are indicated (Student's t test; * P < 0.05, **P < 0.01, and ***P < 0.001). 4MSOB, 4-methylsulfinylbutyl-GS; 8MSOO, 8-methylsulfinyloctyl-GS; 4MTB, 4-methylthiobutyl-GS; I3M, indol-3-ylmethyl-GS. quadGS stands for the cyp79b2 cyp79b3 myb28 myb29 quadruple mutant. FW, fresh weight. Larval performance was tested in a no-choice test on wild-type plants, on JA signaling myc234 and coi1-1 mutants, and on the GS-deficient quadGS mutant. Freshly hatched S. littoralis (A) or P. brassicae (B) larvae were placed on 3-week-old plants and larval weight (mean 6 SE) was measured after 7 d of feeding. Different letters indicate significant differences at P < 0.05 (Tukey's highly significant difference test).
and is difficult to reconcile with the large difference in GS levels between Col-0 and myc234 after insect attack. Finally, expression of these MYBs did not differ significantly between Col-0 and coi1-1, except for MYB51, which showed higher expression in the mutant, indicating that most of them are not controlled by the JA Figure 5 . Contrasting Feeding Preferences of S. littoralis and P. brassicae Larvae in Dual-Choice Tests.
(A) Dual-choice tests between Col-0 and myc234 intact plants. Newly hatched larvae were allowed to feed for 7 d on both genotypes, and the picture was taken at the end of the feeding period.
(B) and (C) Dual-choice tests between Col-0 and JA signaling or GS biosynthesis mutants. Feeding preference of S. littoralis (B) and P. brassicae (C) larvae on two leaves of each genotype was measured in Petri dishes after 4 h. Values are the mean (6SE) of 25 to 30 independent samples. Asterisks indicate statistically significant differences between the tested genotypes (Student's t test; *P < 0.05, **P < 0.01, and ***P < 0.001). (A) Two neonate S. littoralis larvae were placed on a 4-week-old plant and allowed to feed for 36 h. The picture is taken at the end of the feeding period. Arrows indicate feeding sites. (B) Number of feeding sites on inner and outer leaf blade was scored on each eaten leaf. (C) Experiment with P. brassicae was done similarly except that one neonate larva was used per plant and feeding time was reduced to 24 h. Values are the mean (6SE) from 28 plants for each A. thaliana genotype. Asterisks indicate statistically significant differences between inner and outer lamina (Student's t test; *P < 0.05, **P < 0.01, and ***P < 0.001). Experiments were repeated three times independently with similar results. A recent study demonstrated that JAZ repressors target bHLH TFs (GL3, EGL3, and TT8) and MYB factors (MYB75 and GL1) to control JA-dependent anthocyanin accumulation and trichome initiation . We reasoned that a similar complex might be formed to control GS accumulation. To test this hypothesis, we first looked for physical interaction between all 12 JAZs and any of the six GS-related MYBs by yeast two-hybrid assay. However, no direct interaction between JAZs and MYBs was detected (see Supplemental Figure 5 online). An alternative scenario could be that MYCs bind to these MYBs directly. Initial experiments with the C-terminal part of MYC2 and MYC3 showed that this fragment was autoactivating the reporter gene in the yeast assay. However, when we tested a 51-to 67-amino acid N-terminal fragment containing the JAZ interaction domain (JID) of MYC2, MYC3, and MYC4, we detected an interaction with GS-related MYB proteins (Figure 7 ). MYC3-JID interacted strongly with all MYBs, whereas MYC2-JID and MYC4-JID interacted strongly with MYB28, MYB29, MYB34, and MYB122, but weakly (MYC2-JID) or not (MYC4-JID) with MYB51 and MYB76. As a positive control, the three MYC2, MYC3, and MYC4 JID-containing fragments interacted with JAZ1 and JAZ9 (Figure 7) .
To confirm further that MYC factors associate with GS-related MYB factors, we performed pull-down experiments with each recombinant MBP-MYB fusion protein and extracts of transgenic plants expressing MYC2-, MYC3-, or MYC4-GFP (for green fluorescent protein). MYC2, MYC3, and MYC4 were pulled down by the six MBP-MYBs (Figure 8 ; see Supplemental Figure 6 online). Thus, although yeast two-hybrid assays did not show a clear interaction between MYC2 and MYC4 with both MYB51 and MYB76, the pull-down results were fully convincing. Collectively, these data strongly suggest that MYC2, MYC3, and MYC4 can form complexes with all known GS-related MYBs to regulate GS biosynthesis. The exact composition of complexes that can be formed in vivo will require further analyses.
MYC2 Binds to the Promoter of GS Biosynthesis Genes
Interestingly, analysis of GS genes revealed that there is a significant overrepresentation of a canonical G-box motif in their promoter (see Supplemental Figure 7 online). We also found that this G-box is conserved in homologous GS genes of the related Arabidopsis lyrata (see Supplemental Figure 8 online). To test whether MYCs bind directly to the promoter of GS biosynthesis genes, we screened the 27 MYC-regulated genes by chromatin immunoprecipitation sequencing (ChIP-Seq). Transgenic A. thaliana plants expressing MYC2:FLAG under its native promoter (Hou et al., 2010) were treated with JA and their chromatin was immunoprecipitated with anti-FLAG antibody, after which bound DNA was analyzed by high-throughput sequencing (see Methods). Focusing on the 27 GS biosynthesis genes that are differentially expressed between Col-0 and myc234, a significant enrichment of reads (greater than or equal to threefold, P < 10 210 ) was found in the promoter region of 14 genes (Figures 9A to 9D ; see Supplemental Table 3 online). This overrepresentation of genes containing a MYC2 binding site among GS genes was highly significant (hypergeometrical distribution, P = 2.05*10 208 ). In addition, the G-box bound by MYC2 (Fernández-Calvo et al., 2011) and its variants were found at least once in the MYC2 binding site of the 14 GS biosynthesis genes (see Supplemental  Table 4 online). Thus, a majority of GS biosynthesis genes that are downregulated in myc234 are direct targets of MYC2 and possess a G-box motif in their promoter.
DISCUSSION
The bHLH TFs MYC2, MYC3, and MYC4 control additively subsets of JA-dependent responses, including root growth inhibition, defense against bacterial pathogens, and defense against insect herbivory (Fernández-Calvo et al., 2011) . These three TFs can form homo-and heterodimers and have almost identical DNA binding specificities for the canonical G-box (CACGTG) and some of its variants (Fernández-Calvo et al., 2011) . This suggests that they constitute a transcriptional module that recognizes target genes involved in JA responses. However, the number and identity of MYC2/MYC3/MYC4-regulated genes is largely unknown. Our whole-genome microarray analysis revealed that more than half of the 50 most differentially expressed genes between myc234 and Col-0 belong to the GS pathway. This enrichment of GS pathway genes was remarkable and pointed to a crucial role of MYC2, MYC3, and MYC4 in the control of GS accumulation. Indeed, GS analysis showed that myc234 has undetectable levels of 14 GSs and contains only traces of two indole-GSs. Although GS levels in myc234 are <1% of wild-type levels, expression of GS biosynthesis genes was not completely abolished in myc234. It is thus plausible that another MYC factor contributes to this residual activity. There are at least 162 bHLH proteins in the A. thaliana genome, and MYC2, MYC3, and MYC4 belong to a subfamily (IIId +e) of eight related homologs (Pires and Dolan, 2010) . At5g46830 (bHLH028), the closest homolog to MYC2, does not interact with JAZ proteins (Fernández-Calvo et al., 2011) . Nevertheless, it would be interesting to assess the role of other closely related members of this subfamily.
Contrary to myc234, single myc mutants retained wild-type expression of GS biosynthesis genes, indicating that there is functional redundancy between MYC2, MYC3, and MYC4 in the control of GS gene expression. A genome-wide transcript analysis of myc2/jin1-9 identified a list of MYC2-regulated genes, including genes involved in wound/insect response, flavonoid biosynthesis, and oxidative stress tolerance (Dombrecht et al., 2007) . Intriguingly, the authors found that genes involved in indole-GS biosynthesis were upregulated in jin1-9 and that the mutant accumulated more indole-GS in response to methyl jasmonate treatment. They concluded that MYC2 was a negative regulator of indole-GS accumulation. In light of our results, we rather interpret these data as being a consequence of compensatory effects exerted by MYC3 and MYC4 in jin1-9. In support of this hypothesis, gene expression analysis of MYC2, MYC3, and MYC4 showed that expression of the two other MYCs was affected in single myc mutants (Fernández-Calvo et al., 2011) . In addition, single myc2 mutant is only partially more sensitive to herbivory than Col-0 (Fernández-Calvo et al., 2011) .
S. littoralis larvae gained much more weight on myc234 and quadGS than on Col-0, and, when given the choice, clearly preferred to feed on mutants that lack GS. On the contrary, P. brassicae gained the same weight on myc234 and Col-0 and preferred to feed on GS-containing plants. These findings confirm the important deterrent function of these secondary metabolites against nonadapted herbivores and their role as attractant for adapted herbivores (Barth and Jander, 2006; Beekwilder et al., 2008; Schlaeppi et al., 2008; Müller et al., 2010) . The observation that S. littoralis larvae had the same weight on myc234 and ChIP-Seq was conducted on MYC2 using a MYC2-FLAG construct under native expression (Hou et al., 2010) quadGS plants and that they did not discriminate between the two genotypes indicates that larval performance and host preference in this insect is mainly dictated by the production of plant GS. This significant contribution of one biosynthetic pathway is remarkable given the hundreds of genes that are differentially induced in response to herbivory (Reymond et al., 2004; De Vos et al., 2005; Ehlting et al., 2008) . The transcriptome analysis identified GS pathway genes as the most differentially expressed genes between myc234 and Col-0, but the list contained other putative defense genes, including lectins and protease inhibitors. Whether these genes play a defense role in other environmental conditions or against other insects remains to be established. Surprisingly, we found that S. littoralis larvae gained as much weight on coi1-1 as they did on myc234 and quadGS. Considering that coi1-1 still contains 83% of constitutive and 44% of insect-induced GS compared with Col-0 (see Supplemental  Table 2 online), it is plausible that these levels contribute to partial defense and that other defense compounds/proteins do not accumulate in coi1-1 but still accumulate in myc234. This clearly indicates that insect performance on A. thaliana is not strictly correlated with GS levels. Indeed, we recently showed that the transcriptome of myc234 after challenge with S. littoralis is different from coi1-1 (Schweizer et al., 2013) . Many COI1-dependent genes were normally expressed in myc234 or showed an intermediate induction. To further confirm this finding, we analyzed the expression of two marker genes of the ethylene/JA pathway, PLANT DEFENSIN1.2 and HEVEIN-LIKE, and one antiinsect Cys proteinase gene (At4g11320) by quantitative PCR. These genes were significantly induced by S. littoralis in Col-0 and myc234, whereas they were not induced in coi1-1 (see Supplemental Figure 9 online). Whether they contribute quantitatively to defense against herbivory in myc234 has yet to be shown, but our findings are consistent with the hypothesis that the enhanced performance of S. littoralis on myc234 and coi1-1 results from a complete lack of GS in the case of myc234 and from a combination of reduced GS levels and impaired expression of some defense genes in coi1-1. This strongly suggests that other TFs are controlled by the COI1/JA-Ile/JAZ signaling complex to modulate defense against herbivory. In support of this hypothesis, we recently identified TFs that control resistance to S. littoralis in a partially MYC2/3/4-independent manner (Schweizer et al., 2013) . Moreover, a complex of bHLH factors (TT8, GL3, and EGL3) and MYB factors (MYB75 and GL1) was found to interact with JAZs and to be required for JA-dependent anthocyanin accumulation and trichome initiation . Thus, there is increasing evidence for multiple targets of JAZ repressors controlling subsets of JA-dependent responses.
Interestingly, we observed that S. littoralis larvae preferentially feed on the inner leaf lamina of Col-0 and coi1-1 plants, avoiding leaf edge and main vein. On the contrary, larvae clearly chose to feed on the outer leaf lamina in myc234 and quadGS. For the specialist P. brassicae, larvae always consumed the outer leaf lamina, irrespective of the genotype. GSs are not distributed uniformly in A. thaliana leaves and accumulate to higher levels in leaf margins and veins (Shroff et al., 2008; Sønderby et al., 2010a) . Shroff et al. (2008) observed that larvae of the generalist Helicoverpa armigera avoided leaf margins and veins of A. thaliana rosette leaves. Herbivorous insects often consume specific parts of their host and have evolved recognition cues to avoid poisoncontaining areas and structural defenses or to select nutritious tissues (Kester et al., 2002; Schoonhoven et al., 2005) . The nonuniform GS distribution could thus explain the feeding behavior of S. littoralis larvae, which avoided tissues with high GS contents, and that of P. brassicae larvae, which were attracted by GS-containing tissues. We found that MYC2/3/4 and GS biosynthesis genes are not differentially expressed between the leaf edge or the leaf inner lamina, indicating that this does not contribute to uneven GS accumulation (data not shown). On the contrary, GS-related MYBs are expressed predominantly in the veins (Gigolashvili et al., 2007b (Gigolashvili et al., , 2008 . These factors play a role in leaf GS distribution, and it was postulated that they regulate a specific GS transport from the vein to the leaf edge (Sønderby et al., 2010a) . Recently, the first GS transporters, belonging to the family of nitrate/peptide transporters, were identified. They are expressed in veins and surrounding mesophyll cells and were shown to transport GS from the leaves to the seeds (Nour-Eldin et al., 2012) . Whether these or related transporters are involved in local redistribution of GS deserves further research. Another intriguing finding is that both generalist and specialist larvae fed on the outer leaf lamina of GS-lacking plants. This behavior might be explained either by a better nutritive quality of the leaf margin or by other defense compounds located in the leaf inner lamina that repels both generalists and specialists. Clearly, more work will be needed to understand this feeding pattern, but GS-lacking mutants have unveiled an intriguing aspect of A. thaliana defense against herbivores and will provide useful tools to investigate this phenomenon in the future. Physical interaction between bHLH and MYB factors is a wellknown example of combinatorial gene regulation in plants and plays a role in different plant processes (Feller et al., 2011) . Here, we show that MYC2/MYC3/MYC4 interact directly with GSrelated MYBs, that MYC2 binds directly to the promoter of more than half of GS biosynthesis genes in vivo, and that these genes contain a canonical MYC2 binding motif. This suggests that the GS pathway is under tight transcriptional control and that the coordinated expression of several biosynthesis genes is required to accumulate GS. Whether all GS genes are regulated by MYCs and whether MYC3 or MYC4 bind to the promoters of GS genes that not are direct targets of MYC2 remains to be investigated. Based on the observations that GS-related MYBs positively control the expression of GS biosynthesis genes (Gigolashvili et al., 2007b (Gigolashvili et al., , 2008 , that MYC2/3/4 bind directly to these MYBs, and that MYC2 binds to the promoters of several GS biosynthesis genes (this study), we propose a model where both MYCs and MYBs are recruited to the promoter of GS genes to mediate transcription (Figure 10 ). In absence of stimulus, JAZ proteins bind to the JID domain of MYC2/MYC3/MYC4 (Fernández-Calvo et al., 2011) and inhibit most MYC transcriptional activity. However, since the JID domain of these MYCs also binds to GS-related MYBs, MYBs would prevent the JID domain interaction with JAZs. This might allow the formation of some MYC-MYB complexes that bind to the promoter of GS genes and activate transcription, thus explaining the presence of constitutive expression of GS biosynthesis genes and basal GS levels in Col-0 and in coi1-1. In particular, the fact that coi1-1 shows basal levels of GSs strongly supports the existence of a pool of active MYCs (the MYC-MYB complexes) that are still able to regulate GS biosynthesis genes in the absence of JA signaling. Upon herbivory and activation of the JA pathway, degradation of JAZ proteins by the SCF COI1 complex might trigger a stronger MYC-MYB association and an increased transcriptional activation of GS biosynthesis genes, resulting in higher GS levels. This is illustrated by the findings that expression of GS biosynthesis genes and GS levels are induced in response to herbivory in Col-0 but not in coi1-1. Additionally, whereas the expression of MYC2, MYC3, and MYC4 is relatively similar in unchallenged plants, MYC2 shows a strong induction after herbivory (see Supplemental Figure 10 online). Interestingly, MYB34 is also induced by herbivory (see Supplemental Figure 4 online), thus indicating that after stimulus the increasing amounts of MYC2 and MYB34 will contribute to enhance the amount of active MYC-MYB complexes and might potentiate GS synthesis. Given that MYC2, MYC3, and MYC4 were shown to form homo-and heterodimers in vivo (Fernández-Calvo et al., 2011) , it is likely that these three factors cooperate in a regulatory complex with GS-related MYBs to control the expression of GS biosynthesis genes. Whether this alters the stoichiometry of the MYC-MYB complexes and contributes to increased GS accumulation is an attractive hypothesis that will require further investigation. In addition, although GS biosynthesis genes contain MYB binding sites in their promoters (see Supplemental Figure 8 online), a direct binding has not yet been demonstrated. It will be interesting in future studies to test whether these sites are necessary to establish MYC-MYB complexes. Finally, our model does not exclude the contribution of additional factors. For instance, the DELLA proteins, which are repressors of the gibberellin-signaling pathway, have been shown to interact with JAZ1 and prevent JAZ1-MYC2 interaction (Hou et al., 2010) . They might thus also interfere with the inhibition of MYCs by JAZs and lead to a release of free MYCs that could form active MYC-MYB complexes. This hypothesis will be addressed in future work.
Besides JAZs and MYBs, there is increasing evidence for the binding of MYC2 with several proteins involved in signaling, including DELLAs (Hong et al., 2012) , the regulator of circadian rhythm TIME FOR COFFEE (Shin et al., 2012) , the regulator of G-protein signaling ACIREDUCTONE DIOXYGENASE1 (Klopffleisch et al., 2011) , and the regulator of cytokinin signaling HISTIDINE-CONTAINING PHOSPHOTRANSFER FACTOR5 (Yamashino et al., 2003) . Thus, MYC2, and potentially MYC3 and MYC4, emerges as a central component that physically interacts with multiple factors to control defense, hormonal, and development programs (Kazan and Manners, 2013) . In conclusion, this study reveals that MYC2/ MYC3/MYC4 are essential for constitutive and insect-inducible GS biosynthesis. These factors contribute to a robust A. thaliana defense against nonadapted herbivores and have a marked effect on their feeding behavior. Their interaction with GS-related MYBs to regulate GS biosynthesis provides a novel example of how JA signaling specificity is achieved to control multiple plant processes.
METHODS
Plant and Insect Growth Conditions
Arabidopsis thaliana wild-type (Col-0) and all mutants were vernalized in water for 4 d at 4°C, except myc2 myc3 myc4 (myc234) triple mutants, which were vernalized in water containing 0.1 mM gibberellic acid (Duchefa) to synchronize germination (Fernández-Calvo et al., 2011) . Light and growth conditions were reported previously (Reymond et al., 2000) . Seeds of coi1-1 (nonglabrous) were obtained from Jane Glazebrook (University of Minnesota, St. Paul, MN), the myb28 myb29 double mutant from Piero Morandini (University of Milan, Milano, Italy), and the cyp79b2 cyp79b3 double mutant from Yunde Zhao (University of California, San Diego, CA). Both double mutants were crossed to obtain the quadruple mutant cyp79b2 cyp79b3 myb28 myb29 (quadGS). Homozygous seedlings of the male sterile coi1-1 were selected as described previously (Xie et al., 1998) . Spodoptera littoralis (Egyptian cotton worm) eggs were obtained from Syngenta. Pieris brassicae (large white butterfly) were reared as described previously (Schlaeppi et al., 2008) .
Insect Bioassays
No-choice insect bioassays with S. littoralis and P. brassicae were as described (Bodenhausen and Reymond, 2007) . Experiments were performed with 3-week-old plants in transparent plastic boxes (Fernández-Calvo et al., 2011) . Briefly, 40 freshly hatched S. littoralis, or 15 neonate P. brassicae, were placed on plants of each genotype for 7 d of feeding. Larvae were then weighed on a precision balance Mettler-Toledo MT5 (Mettler-Toledo). Similar results were obtained in three independent experiments.
For dual-choice experiments, an initial test was done on potted plants. Five pots per genotype were placed in a transparent plastic box and challenged with 40 freshly hatched S. littoralis or 15 neonate P. brassicae larvae for 7 d. In follow-up experiments, two leaves of 4-week-old plants of different A. thaliana genotypes were weighed and laid on a moistened filter paper in a 60 3 15-mm Petri dish. Freshly hatched S. littoralis larvae were fed for 6 d on artificial diet (Syngenta) and then starved for 12 h at 5°C to prevent cannibalism. One larva was then placed in each Petri dish for 4 h in the dark at room temperature. Leaves were weighed again, and consumed tissue was calculated by subtracting the final weight from the initial weight. Dual-choice experiments with P. brassicae were performed as described above except that two 48-h-old larvae fed on Col-0 were used per Petri dish. In both experiments, four different combinations were tested: Col-0 versus myc234, Col-0 versus quadGS, Col-0 versus coi1-1, and myc234 versus quadGS. Data represent the average values of 25 to 30 independent samples.
Feeding preference of S. littoralis between the inner and the outer leaf blade of different A. thaliana genotypes was determined as follows: two neonate larvae were placed on a 4-week-old plant and allowed to feed for 36 h. The number of feeding sites on inner and outer leaf blade was scored on each eaten leaf. Twenty-eight plants were used per A. thaliana genotype. Experiments with P. brassicae were done similarly except that one neonate larva was used per plant and feeding time was reduced to 24 h. Experiments were repeated three times independently with similar results.
Oviposition two-choice tests were performed with 4-week-old plants under constant light. Three female and two male P. brassicae butterflies were placed in an 11-liter Plexiglas box containing four plants of each genotype. Number of laid eggs was assessed after 12 h. Each comparison was repeated 10 times.
Microarray Experiments and Data Analysis
For microarray analyses, leaves of 35 4-week-old Col-0 and myc2 myc3 myc4 plants were harvested and flash-frozen in liquid nitrogen. Total RNA was extracted, reverse-transcribed, and processed according to a previously published procedure (Bodenhausen and Reymond, 2007) . Each experiment was replicated three times independently. Labeled probes were hybridized onto CATMA v4 microarrays containing 32,998 A. thaliana gene-specific tags and gene family tags (Sclep et al., 2007) . Hybridization and scanning have been described previously (Reymond et al., 2004) . Data analysis was carried out using an interface developed at the University of Lausanne (Gene Expression Data Analysis Interface) (Liechti et al., 2010) . Differentially expressed genes between Col-0 and myc2 myc3 myc4 were identified by fitting a linear model for each gene and evaluating the fold change and moderated t statistic P values (Smyth, 2004) . Adjusted P values were obtained by correcting for multiple testing using the false discovery rate method of Storey and Tibshirani (2003) . Microarray data have been submitted to the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-1777.
Quantitative Real-Time PCR
Leaf samples from five 10 plants were harvested and pooled after 48 h of herbivory by S. littoralis. Tissue samples were ground in liquid nitrogen, and total RNA was extracted using the RNeasy plant mini kit and treated with DNaseI (Qiagen). Afterwards, cDNA was synthesized from RNA using M-MLV reverse transcriptase (Invitrogen) and subsequently diluted fourfold with water. Gene-specific primers were designed to produce amplicons between 80 and 120 bp (see Supplemental Table 5 online). Primer efficiencies (E) were evaluated by five-step dilution regression. Quantitative real-time PCR reactions were performed using Brilliant II Fast SYBR-Green QPCR Master Mix on an Mx3000P real-time PCR instrument (Agilent) with the following program: 95°C for 5 min, then 40 cycles of 10 s at 95°C, 20 s at 55°C, and 30 s at 60°C. Values were normalized to the housekeeping gene ACTIN8. The expression level of a target gene (TG) was normalized to the reference gene (RG) and calculated as normalized relative quantity (NRQ) as follows: NRQ = E CtRG /E CtTG . For each experiment, three biological replicates were analyzed.
GS Analysis
For GS analysis, seven 3-week-old plants were challenged for 48 h with two neonate S. littoralis larvae per plant. Unchallenged plants were used as controls. Samples from four biologically independent replicates were analyzed. Extraction method, ultrahigh-pressure liquid chromatography coupled to quadrupole time-of-flight mass spectrometry measurements, and analysis have been recently described (Glauser et al., 2012) . List of GS analyzed in this study are found in Supplemental Table 6 online.
Yeast Two-Hybrid Assays MYC2 93-160 , MYC3 82-141 , and MYC4 99-150 derivatives and JAZ1 and JAZ9 full-length proteins in pGBKT7gateway (GAL4 binding domain) were generated as previously described by Fernández-Calvo et al. (2011) and Chini et al. (2009) , respectively. Full-length sequences of MYB28, MYB29, MYB34, MYB51, MYB76, and MYB122 were amplified with Expand High Fidelity polymerase (Roche) using Gateway-compatible primers. PCR products were cloned into pDONR207 with a Gateway BP II kit (Invitrogen) and sequence verified. These MYB constructs were used in Gateway LR reactions, in combination with the destination high-copy yeast expression vector pGADT7gateway (Gal4 activation domain). To assess protein interactions, the corresponding plasmids were cotransformed into Saccharomyces cerevisiae AH109 cells following standard heat shock protocols . Successfully transformed colonies were identified on yeast synthetic dropout lacking Leu and Trp. At 3 d after transformation, yeast colonies were grown in selective -Leu, -Trp liquid media for 6 h, and the cell density was adjusted to 3 3 10 7 cells mL 21 (OD 600 = 1). A 3-mL sample of the cell suspensions was plated out on yeast synthetic dropout lacking Ade, His, Leu, and Trp to test protein interaction. Plates were incubated at 28°C for 2 to 4 d. The empty vectors pGADT7gateway or pGBKT7gateway were also cotransformed as negative controls.
For JAZ-MYB interactions, full-length MYB proteins were cloned in pDEST22 (Invitrogen) and full-length JAZ proteins were cloned in pDEST32 (Invitrogen). Transformation and selection was then carried out as mentioned above.
Recombinant Proteins
Coding sequences for full-length MYB28, MYB29, MYB34, MYB51, MYB76, and MYB122 proteins were PCR amplified from cDNA, maintaining both the frame and the stop codons. Using the Gateway system (Invitrogen), these amplicons were cloned into pDONR207 and recombined in pDEST-TH1 (Hammarström et al., 2002) to obtain N-terminal maltose binding protein (MBP) fusions. All constructs were verified by sequencing prior to protein expression. Recombinant MBP fusion proteins were expressed in Escherichia coli BL21 cells and were then purified in amylose resin columns (New England Biolabs), following a method previously described (Chini et al., 2007) . Protein purity was assessed by Coomassie blue gel staining, and quantification was performed in gels by comparison with known concentrations of BSA.
Protein Extracts and Pull-Down Assays
Ten-day-old A. thaliana wild-type seedlings (Col-0) and lines expressing 35S:MYC2:GFP, 35S:MYC3-GFP, or 35S:MYC4-GFP were ground in liquid nitrogen and homogenized in extraction buffer containing 50 mM Tris-HCl, pH 7.4, 80 mM NaCl, 10% glycerol, 0.1% Tween 20, 1 mM DTT, 1 mM phenylmethylsulphonyl fluoride, 50 mM MG132 (Sigma-Aldrich), and complete protease inhibitor (Roche). After centrifugation (16,000g at 4°C), the supernatant was collected. For in vivo pull-down experiments, 6 mg of resin-bound MBP fusion protein (MBP-MYB28, MBP-MYB29, MBP-MYB34, MBP-MYB51, MBP-MYB76, and MBP-MYB122) was added to 1 mg of total protein extract and incubated for 1 h at 4°C with rotation. After washing, samples were denaturalized, loaded onto 8% SDS-PAGE gels, transferred to polyvinylidene fluoride membranes (Millipore), and incubated with anti-GFP-horseradish peroxidase (Milteny Biotec) antibody. A 3-mL aliquot of MBP-fused protein of each sample was run into SDS-PAGE gels and stained with Coomassie Brilliant Blue to confirm equal protein loading.
ChIP-Seq Analyses
Three-day-old etiolated jin1-8 pMYC2:MYC2-FLAG (Hou et al., 2010) seedlings were treated with JA via the gaseous phase for 8 h. The JA treatment was conducted in a closed container with a concentration of 1 mL methyl jasmonate (95% purity; Sigma-Aldrich) per 1 liter of container volume. Approximately 2 g of seedlings was cross-linked for 20 min in 1% formaldehyde. ChIP assays were performed as previously described with minor modifications (Gendrel et al., 2002) . The sonicated chromatin was immunoprecipitated with an anti-FLAG antibody (Sigma-Aldrich; F1804) overnight. Incubation of chromatin with mouse IgG (Jackson Immuno Research Laboratories) served as our mock immunoprecipitation control. Protein G Dynabeads (Life Technologies) were used to capture the immunocomplexes. After reverse cross-linking and proteinase-K digestion, the DNA was extracted with phenol-chloroform and then precipitated with ethanol. The immunoprecipitated DNA was subsequently used for ChIPSeq library construction using the TruSeq DNA Sample preparation kit (Illumina) and single-end sequenced (100 base reads) on the Illumina HiSequation 2500 according to the manufacturer's instructions.
Reads were aligned to a TAIR10 index using Bowtie 2 version 2-2.0.5 (Langmead and Salzberg, 2012) with default parameters. Enriched peaks of MYC2 reads were determined using MACS2 version 2.0.10.20130306 (Zhang et al., 2008 ; https://github.com/taoliu/MACS/). Statistically significant peaks were identified by applying a cutoff of P # 10 210 and fold enrichment $3. Data were visualized using the Anno-J viewer (http:// www.annoj.org). Biological replicate data showed comparable results, and the strongest replicate was selected for further analyses. Statistical significance of the overlap between MYC2-bound GS genes and significantly differentially regulated GS transcripts was calculated using a hypergeometric distribution. The number of occurrences of the core MYC2 binding motif within MYC2 peaks associated with GS genes was calculated using FIMO (Grant et al., 2011) against the central six nucleotides of a MYC2 motif previously determined in vitro (Fernández-Calvo et al., 2011) .
Accession Numbers
Sequence data from this article can be found in The Arabidopsis Information Resource (www.Arabidopsis.org) under the following accession numbers: MYC2 (At1g32640), MYC3 (At5g46760), MYC4 (At4g17880), PDF1.2 (At5g44420), HEL (At3g04720), CYS PROT (At4g11320), MYB28 (At5g61420), MYB29 (At5g07690), MYB34 (At5g60890), MYB51 (At1g18570), MYB76 (At5g07700), MYB122 (At1g74080), JAZ1 (At1g19180), JAZ2 (At1g74950), JAZ3 (At3g17860), JAZ4 (At2g48500), JAZ5 (At1g17380), JAZ6 (At1g72450), JAZ7 (At2g34600), JAZ8 (At1g30135), JAZ9 (At1g70700), JAZ10 (At5g13220), JAZ11 (At3g43440), and JAZ12 (At5g20900). Accession numbers for other genes discussed in this article are listed in Table 1 .
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